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C
ells must deliver the thousands of 
polypeptides they synthesize every 
minute to various specific subcellular 
locations. Precisely how this happens 
has been a topic of intense research, 
and some controversy, for the past 
20 years, as critical components of the trans-
lation and translocation machineries—the 
ribosomes and the signal recognition particle 
(SRP)—do not confer full target discrimina-
tion. On page 201 of this issue, Gamerdinger 
et al. ( 1) elegantly demonstrate how the 
nascent chain associated complex (NAC) 
enhances the specificity of the metazoan pro-
tein-sorting machinery to provide more dis-
criminatory targeting for newly synthesized 
proteins in vivo.
For the majority of secretory proteins des-
tined for the endoplasmic reticulum (ER), 
the targeting process begins cotranslation-
ally, before nascent polypeptide chains are 
complete. The SRP transiently associates 
with translating ribosomes, enabling SRP 
to search for and bind with high affinity to 
hydrophobic signal sequences on the emerg-
ing polypeptide amino termini. Ribosome-
bound SRP binds the SRP receptor in the ER 
membrane for delivery of the selected na-
scent chains to the Sec61 membrane import 
translocon, which forms the translocation 
pore. However, ribosomes can also bind to 
the ER translocon indiscriminately and with 
high affinity, independently of SRP. Further-
more, SRP can bind, though less strongly, to 
nascent chains that do not have ER signal se-
quences, and these represent the majority of 
cellular proteins. What, then, ensures target 
discrimination and fidelity?
In 1994, Wiedmann and co-workers 
identified NAC ( 2), present in equimolar 
amounts to ribosomes. NAC transiently as-
sociates with the large ribosomal subunit 
close to the peptide tunnel exit and binds a 
broad spectrum of ribosome-nascent chain 
complexes (RNCs) ( 3). In vitro NAC associa-
tion sterically prevents indiscriminate bind-
ing of RNCs to the ER membrane, regardless 
of whether the nascent chain has a signal 
sequence or not ( 4,  5). Addition of SRP, how-
ever, specifically rescues ER targeting of sig-
nal-containing RNCs ( 6). NAC also prevents 
SRP association with nonsignal RNCs, which 
preempts mistargeting of nonsignal proteins 
to the ER translocon ( 7). NAC binding to the 
ribosome therefore allows selection of sig-
nal-containing proteins by SRP. This led to a 
model where NAC mediates exclusion of SRP 
from RNCs of nonsignal proteins, and exclu-
sion of indiscriminate ribosome binding to 
the ER. Together, these two NAC activities 
ensure faithful sorting of signal peptide–
containing nascent proteins to the ER ( 8).
However, later studies using different ex-
perimental settings found no inhibitory ef-
fect of NAC on the membrane interaction 
of isolated RNCs ( 9,  10). Although these 
latter results were subsequently proposed 
to result from the use of nonphysiological 
concentrations of NAC ( 11), the basis for the 
discrepancy has remained moot. Embryonic 
lethality of NAC deletion in flies and worms 
hampered attempts to verify NAC function 
in vivo. Studies in yeast, where NAC deletion 
is nonlethal, showed that NAC coordinates 
early recruitment of SRP to ribosomes trans-
lating ER proteins and modulates SRP sub-
strate selection, but NAC 
mutation does not result in 
aberrant or indiscriminate 
targeting to the ER ( 3,  12), 
further clouding under-
standing of NAC function 
in vivo.
Gamerdinger et al. exam-
ine the role of NAC in meta-
zoans using Caenorhabditis 
elegans as a model and 
present data validating the 
earlier in vitro findings ( 2). 
Reducing the expression of 
NAC in adult worms results 
in global mistargeting of 
ribosomes translating non-
ER substrates to the ER, 
without reducing specific 
SRP-mediated ER target-
ing (see the figure). NAC 
depletion also leads to 
ER-associated degradation 
(ERAD) of primarily mito-
chondrial proteins, indicat-
ing ER internalization of 
mistargeted mitochondrial 
polypeptides. Thus, in the 
absence of NAC, and independently of SRP, 
some newly synthesized proteins with mito-
chondrial targeting sequences override the 
proofreading activity of the Sec61 translocon, 
which is thought to fully open only upon spe-
cific interactions with ER signal sequences 
( 13). Overexpression of NAC, by contrast, 
hinders SRP binding to translating ribo-
somes and slows SRP-mediated ER targeting. 
NAC, therefore, sharpens the specificity of 
the protein sorting machinery by preventing 
SRP-independent interactions of RNCs with 
the Sec61 translocon, and also by eliminat-
ing indiscriminate SRP-mediated targeting 
of RNCs to the ER membrane ( 3). Selectivity 
of ER targeting, rather than relying purely 
on SRP and the proofreading function of 
the Sec61 translocon, instead centers around 
NAC function at the ribosome. NAC acts to 
repress RNC interaction with the translocon; 
SRP overcomes NAC repression by interac-
tion with RNCs containing signal-sequence 
proteins. Finally, Gamerdinger et al. show 
that NAC depletion in vivo shortens the life 
span of C. elegans and provokes both ER- 
and mitochondrial-specific stress responses, 
suggesting that NAC depletion–induced mis-
targeting profoundly perturbs basic protein 
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homeostasis and cell physiology.
Precisely how SRP and NAC interact at the 
ribosome remains unclear. Gamerdinger et 
al. propose that SRP and NAC compete for 
overlapping binding sites on the ribosomal 
protein uL23 ( 4), and that NAC binds trans-
lating ribosomes, unless an emerging signal 
sequence provides a selective binding ad-
vantage to SRP. Other in vitro data suggest 
that there is an alternative NAC ribosome 
binding site near eL31 ( 5,  12), and that both 
NAC and SRP concomitantly bind the ribo-
some ( 12). SRP could quickly scan translat-
ing ribosomes irrespective of NAC presence, 
until an emerging signal sequence triggers 
strong SRP binding and NAC release. How 
other ribosome-bound chaperones and en-
zymes involved in the folding and process-
ing of nascent chains affect the selection of 
NAC versus SRP also remains unclear. NAC 
apparently directly influences cotranslational 
import of proteins into mitochondria in yeast 
( 14), possibly explaining induction of the mi-
tochondrial stress response upon NAC deple-
tion seen in the C. elegans study.
The in vivo work by Gamerdinger et al. 
establishes and further defines a central 
process in protein biogenesis for metazoan 
cells, and corroborates much of the earlier in 
vitro work done by Wiedmann. Systematic 
approaches such as proteome-wide inter-
action profiling of ascent chains are now 
needed to elucidate the dynamics and in-
t play of SRP, NAC, and other ribosome-
associat d factors at the ribosome. Finally, 
the Deuerling-Wiedmann model (see the 
figure) of antago istic “sort and countersort” 
reflects  recurring principle of check and 
countercheck common to a number of bio-
logical mechanisms. Such systems provide a 
calibrated equilibrium between two oppos-
ing functions that enhances accuracy and ef-
ficiency in decision-making processes within 
living cells. ■
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ssential cellular processes, such as 
cell division, rely on the coordinated 
destruction of proteins. The predomi-
nant means of accomplishing this in-
volves a large cellular machine, the 
proteasome ( 1). Proteasomal degrada-
tion ensues when proteins are modified with 
ubiquitin, a small protein, that has many 
different roles ( 2). This tagging involves a 
carrier protein (an E2 ubiquitin-conjugating 
enzyme) and a substrate-determining pro-
tein (an E3 ligase). For example, during the 
cell division cycle, a large multiprotein E3 
ligase, the anaphase-promoting complex/cy-
closome (APC/C), utilizes two E2 enzymes, 
UBE2C and UBE2S, to target proteins for 
destruction ( 3). On pages 199 and 200 of 
this issue, two Research Articles by Lu et 
al. focus on these reactions and illuminate, 
at the single-molecule level, the process of 
ubiquitination by APC/C ( 4), as well as the 
recognition and subsequent destruction of 
APC/C substrates by proteasomes ( 5). Both 
studies substantially enrich our knowledge 
of ubiquitination and degradation, reveal 
new properties of APC/C and the protea-
some, and challenge established concepts 
about the ubiquitin-proteasome system.
In one study, Lu et al. ( 4) immobilized 
fluorescently labeled APC/C substrates on 
a glass slide and then exposed the slide to 
APC/C. Interaction between an APC/C and 
a substrate, and the subsequent attachment 
of fluorescent ubiquitin to the substrate, 
were analyzed using total internal reflec-
tion fluorescence (TIRF) microscopy. In the 
other study, the authors analyzed interac-
tions between immobilized fluorescently la-
beled proteasomes and a range of substrates 
containing chains of fluorescent ubiquitin 
of defined length and composition. In both 
studies, the fluorescently labeled ubiquitin 
allowed reporting on the number of ubiqui-
tin moieties attached to the substrates. The 
approach has enabled a kinetic description 
of the ubiquitin transfer reaction, revealed 
determinants for substrate engagement by 
the proteasome, and delineated the mecha-
nism occurring within the proteasome that 
couples the initiation of protein degrada-
tion with the removal of ubiquitin from the 
substrate.
The APC/C has a difficult task. It needs 
to precisely and quickly identify proteins 
for disposal for the cell cycle to proceed. 
For this purpose, the APC/C utilizes short, 
low-complexity recognition sequences in its 
substrates, which it binds to with the help 
of coactivators ( 3). Because these sequences 
are present in roughly one-third of the cell’s 
entire protein repertoire (“proteome”), it is 
unclear how the APC/C distinguishes po-
tential substrates. Nonetheless, once APC/C 
selects a substrate, it is ubiquitinated and 
degraded within minutes.
Lu et al. (4) find that the first encounter of 
the APC/C with a substrate leads to efficient 
mono-, di-, and triubiquitin modification on 
multiple sites (lysine residues), driven by 
UBE2C. This was observed both with puri-
fied components, but remarkably also with 
endogenous APC/C activity from cell lysates. 
Intriguingly, the authors found that after ini-
tial ubiquitination, affinity of the substrate 
for the APC/C is increased. This indicates 
that there may be unknown ubiquitin recep-
tors on the APC/C, and recent insight into 
the APC/C from structural biology ( 6) should 
facilitate their identification. Moreover, 
based on the observed interaction with ubiq-
uitinated substrates, the authors propose a 
feedforward-like mechanism called “pro-
cessive affinity amplification” (see the fig-
ure), which ensures that substrates marked 
for destruction are kept in a ubiquitinated 
state, while ubiquitinatable decoy un-sub-
strates can be selected against by the APC/C. 
Despite multiple encounters and higher 
Details of destruction, 
one molecule at a time
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proteasome is examined at the single-molecule level
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“Both studies … challenge 
established concepts about 
the ubiquitin-proteasome 
system.”
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The principle of antagonism ensures
protein targeting specificity at the
endoplasmic reticulum
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The sorting of proteins to the appropriate compartment is one of the most fundamental
cellular processes. We found that in the model organism Caenorhabditis elegans, correct
cotranslational endoplasmic reticulum (ER) transport required the suppressor activity
of the nascent polypeptide-associated complex (NAC). NAC did not affect the accurate
targeting of ribosomes to ER translocons mediated by the signal recognition particle (SRP)
pathway but inhibited additional unspecific contacts between ribosomes and translocons
by blocking their autonomous binding affinity. NAC depletion shortened the life span of
Caenorhabditis elegans, caused global mistargeting of translating ribosomes to the ER, and
provoked incorrect import of mitochondrial proteins into the ER lumen, resulting in a
strong impairment of protein homeostasis in both compartments. Thus, the antagonistic
targeting activity of NAC is important in vivo to preserve the robustness and specificity
of cellular protein-sorting routes.
I
n eukaryotes, a substantial fraction of mem-
brane and secretory proteins are cotransla-
tionally delivered to and translocated across
the endoplasmic reticulum (ER) membrane.
This transport is mediated by the signal
recognition particle (SRP), which binds to hy-
drophobic signal sequence–containing ribosome-
nascent chain complexes (RNCs) and targets them
to the Sec61 translocon via the ER membrane-
located SRP receptor (SR) (1–6). However, de-
spite decades of research on SRP-mediated ER
targeting, key questions regarding the require-
ment of additional sorting factors to guarantee
accuracy and efficiency of protein transport re-
mained unanswered. One early study discovered
that an abundant protein complex termed nas-
cent polypeptide-associated complex (NAC)may
be required to prevent SRP from interaction
with signal-less RNCs (7). This idea has been
highly controversial, and the function of NAC in
protein targeting, if any, remains unclear. Fur-
thermore, ribosomes show a SRP-independent,
high intrinsic affinity for Sec61 in vitro. This
raises the question about the identity and the
functional importance of a potential negative
regulator that prevents unspecific ribosome-
translocon interactions to ensure correct RNC
sorting in vivo (8–12).
We used themetazoan Caenorhabditis elegans
to dissect the factors underlying ER targeting spe-
cificity in vivo.
NAC depletion shortens life span and
induces ER and mitochondrial stress in
C. elegans
To understand the potential role of the ribosome-
associated a,b-heterodimeric NAC in protein
transport, we used conditional RNA interference
(RNAi)–mediated knockdown in adult animals
because deletion of NAC in C. elegans is embry-
onically lethal (13). The knockdown of a-NAC
and b-NAC, individually and in combination,
substantially shortened the life span (Fig. 1A), sug-
gesting an important function in adult C. elegans.
Next, we used various cell compartment–specific
stress reporter strains that express green fluores-
cent protein (GFP) under a specific stress-inducible
promoter. To specifically measure cytosolic stress,
we used transgenic animals carrying the hsp-
16.2p::GFP reporter (14). In these worms, GFP
fluorescence strongly increased upon heat shock
(fig. S1A) (15), demonstrating the functionality of
this reporter strain. Knockdown of NAC did not
increase GFP expression (Fig. 1B and fig. S1B).
Moreover, quantitative polymerase chain reaction
(PCR) analysis of different mRNAs encoding cyto-
solic heat shock proteins revealed an inconsistent
expression pattern. One gene was up-regulated
(hsp-70), but the otherswere unaltered (hsp-16.41
and hsp-17) and even down-regulated (f44e5.4, a
member of the Hsp70 family), suggesting that
NAC depletion did not cause a robust cytosolic
stress response (Fig. 1F). However, depletion of
NAC in animals carrying the hsp-4p::GFP report-
er for analysis of ER stress (16) strongly increased
GFP fluorescence (Fig. 1C and fig. S1C). Fur-
thermore, b-NAC depletion in wild-type worms
(Bristol N2) strongly induced the expression of the
ER-resident chaperones Hsp-4 and Pdi-3 (Fig. 1E)
and revealed enhanced hsp-4 transcript levels
as well as elevated levels of total and spliced
xbp-1mRNA that encodes themain transcription
factor of the ER stress response (Fig. 1F). Deple-
tion of the b-NAC subunit by means of RNAi
resulted in the destabilization of the a-NAC sub-
unit (and vice versa) and thus resulted in depletion
of the entire complex (Fig. 1E). Thus, NAC deple-
tion provokes an ER stress response in adult C.
elegans. In addition,GFP fluorescencewas slightly
increased in animals carrying the hsp-6p::GFP
reporter (17) that specificallymonitorsmitochon-
drial stress (Fig. 1D and fig. S1D). Consistent with
mitochondrial stress, we detected enhanced ex-
pression of the mitochondrial chaperone Hsp-60
in wild-type worms upon knockdown of b-NAC
(Fig. 1E). Transcript levels of hsp-60 as well as of
another mitochondrial chaperone, hsp-6, were
also significantly elevated (Fig. 1F).
Might NAC thus regulate the transport of pro-
teins from the cytosol to the ER and mitochon-
dria? To address this possibility, we impaired the
transport pathways to these compartments by
depleting the crucial targeting factors SRb and
tomm-20, respectively, and analyzed the resulting
stress responses in dependence of NAC. Knock-
down of b-NAC together with SRb increased the
ER stress response (Fig. 1, G and H, and fig. S2A),
whereas the combined knockdown of b-NAC and
tomm-20 did not provoke an enhancedmitochon-
drial stress response (fig. S2C). Thus, NAC has a
critical function in regulating the cotranslational
protein transport to the ER but seemingly does
not affect the sorting of proteins to mitochon-
dria directly. Consistent with a potential role of
NAC in ER targeting, the ER stress response was
also increasedwhen b-NACwas depleted together
with SRa or together with SRP54, which is an
essential subunit of SRP (fig. S2, A and B).
NAC prevents SRP-independent binding
of ribosomes to ER translocons
Next, we separated whole animal extracts into
cytosolic and membrane fractions and investi-
gated ribosomal particles through sucrose den-
sity gradient sedimentation analysis. As noted
previously (18), we observed a decline of cy-
tosolic polysome levels in b-NAC–depleted an-
imals (Fig. 2A). Conversely, however, the levels
of membrane-bound ribosomes were strongly
increased, suggesting that ribosomes were re-
distributed from the cytosol toward the ER
membrane in the absence of NAC (Fig. 2B).
Consistently, immunoblot analysis also showed
a clear shift of the ribosomal protein RPL-10
from the cytosol toward the membrane frac-
tion in b-NAC–depleted animals (Fig. 2C). 12%
of total ribosomes were membrane-attached in
control animals, whereas in b-NAC–depleted
animals, this ribosome pool increased to 31%
(Fig. 2D). RNAi-mediated depletion of Sec61a—
the major constituent of the ER translocon,
individually and in combination with b-NAC—
strongly reduced the levels of ribosomes in the
membrane fraction and, concomitantly, increased
them in the cytosolic fraction (Fig. 2, C and D,
and fig. S3A). Because the Sec61a levels were
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unaltered in b-NAC–depleted animals (Fig. 2C
and fig. S3C), these data suggest that ribosomes
interact to a much greater extent with ER trans-
locons in the absence of NAC.
Next, we knocked down SRP54 to investigate
whether the SRP pathway contributed to the in-
creased binding of ribosomes to the Sec61 com-
plex inNAC-depleted animals. As expected, SRP54
depletion shifted ribosomes from the ER mem-
brane toward the cytosol (Fig. 2, C andD, and fig.
S3B). Such ribosome redistribution did not occur
in animals depleted of both b-NAC and SRP54
(Fig. 2, C andD, and fig. S3B). Because knockdown
efficiencies of SRP54 and b-NACwere comparable
in the single and double RNAi setups (fig. S3D),
these data demonstrate that ribosomes get re-
cruited to the ERmembrane SRP-independently.
The increased, SRP-independent binding of RNCs
to ER translocons suggested that ribosomes di-
rectly interact with Sec61. To test this possibility,
we incubated puromycin and high salt-stripped
ribosomes as well as microsomes in the presence
and absence of NAC and then repurified micro-
somes bymeans of centrifugation. In the absence
of NAC, ribosomes readily bound to the micro-
somal fraction, whereas this binding was effi-
ciently blocked when NAC was added (Fig. 2E).
The interaction of NAC with ribosomes was
necessary for this blocking activity because a
ribosome-binding deficient mutant of NAC,
RRK/AAANAC (fig. S4), did not prevent binding
of ribosomes to microsomes (Fig. 2E). Further-
more, we tested whether NAC also played a role
in releasing ribosomes from the ER membrane
after translation termination.We extracted native
rough microsomes and tested the puromycin-
induced release of bound ribosomes in depen-
dence ofNAC.As previously shown (19), treatment
with puromycin only marginally released ribo-
somes from membranes; however, the addition
of NAC strongly enhanced the puromycin-
induced ribosome release, whereas RRK/AAANAC
had no effect (Fig. 2F). Thus, NAC is a strong neg-
ative regulator of ER-transport that prevents di-
rect, SRP-independent interactions of ribosomes
with ER translocons.
NAC overexpression impairs
SRP-dependent ER targeting
We reasoned that if NAC generally acts as an
ER targeting inhibitor, NAC overexpression could
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interfere with the binding of ribosomes to ER
translocons. We thus established transgenic ani-
mals overexpressing both NAC subunits from a
strong and ubiquitous promoter (eft-3p). The
transgenic strains showed a moderate two- to
threefold overexpression of NAC (Fig. 3, C and D).
All attempts to get strains with a much stronger
overexpression by injecting higher amounts of
DNA produced no transgenic progeny, indicat-
ing that NAC expression over a critical thresh-
old was lethal in C. elegans. Consistent with
this, the moderately NAC-overexpressing strains
were already slightly delayed in development.
The levels of cytosolic polysomes were slightly
increased in NAC-overexpressing animals (Fig.
3A; quantification is provided in fig. S5A). In
contrast, the levels of membrane-attached ribo-
somes were markedly reduced (Fig. 3B and fig.
S5A). Immunoblot analysis of RPL-10 confirmed
the membrane-to-cytosol shift of ribosomes, al-
though the levels of Sec61a were unchanged
(Fig. 3C). Moreover, Hsp-4 levels were signifi-
cantly increased in NAC-overexpressing worms,
indicating ER stress (Fig. 3D). Thus, NAC over-
expression interferes with the targeting of ribo-
somes to ER translocons, likely by impairing the
SRP pathway. To investigate this possibility, we
analyzed whether NAC overexpression altered
the binding of SRP to ribosomes that would
be expected upon targeting inhibition. The
total levels of SRP were unchanged in NAC-
overexpressing animals (Fig. 3E). However, the
binding of SRP to ribosomes was significantly
shifted to late polysomes (Fig. 3F), indicating
that new rounds of translation initiation on
mRNAs encoding SRP substrates occurred in
the cytosol because overexpressed NAC delayed
the timely targeting of RNCs to the ER. To fur-
ther explore the effects of NAC overexpression
on ER targeting, we depleted critical SRP path-
way components by means of RNAi in the first
larval stage (L1) so as to compromise protein
transport to the ER. The knockdown of SRP54,
SRa, and SRb induced developmental defects in
wild-type worms that resulted in a partial larval
arrest (fig. S5B). NAC-overexpressing animals
were hypersensitive to these RNAi treatments
(fig. S5B), whereas NAC-depleted animals were
less sensitive (fig. S5C). This suggests that NAC
expression above a critical threshold counteracts
the activity of the SRP pathway. To corroborate
this, we assessed ER targeting directly by analyz-
ing the distribution of four ribosome-associated
mRNAs encoding specific SRP substrates (ile-2,
sec-61, R186.3, and hsp-4) between the cytosol
and the ER membrane. As expected, knockdown
of SRP54 in control animals strongly shifted these
RNCs toward the cytosol (Fig. 3G). NAC over-
expression strongly aggravated the targeting de-
fects induced by SRP54 depletion (Fig. 3G). Thus,
NAC may act as a general ER targeting inhibitor
whose expression levels need to be accurately
balanced to allow a specific derepression of ER
targeting by the SRP pathway.
Global mistargeting of ribosomes to
the ER in the absence of NAC
Next, we used a genome-wide microarray ap-
proach to measure the global distribution of
ribosome-associated mRNAs between the cyto-
sol and the ER membrane. Because NAC deple-
tion in C. elegans results in a strongly reduced
brood size (18), we used a temperature-sensitive
sterile mutant (SS104) to minimize the risk of
artifacts owing to unequal embryonic gene ex-
pression. The sterile mutants showed a NAC
RNAi phenotype similar to wild-type worms
(fig. S6, A to E). To test ER targeting specificity,
we isolated cytosolic and membrane-attached
ribosomes and quantified the translated mRNAs
using DNA microarrays. The majority of mRNAs
(93%) that were significantly enriched in the
cytosolic fraction of control animals encoded
proteins without a predicted N-terminal signal
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sequence or a transmembrane domain (Fig. 4A).
Conversely, most mRNAs (88%) that were signif-
icantly enriched in the membrane fraction en-
code proteins containing a predicted N-terminal
signal sequence, a transmembrane domain, or
both (Fig. 4A). Thus, ER targeting in control
animals was accurate, and our fractionation
protocol appeared valid. We next compared the
distribution of these mRNAs between control
and NAC-depleted animals. Scatter plot analy-
sis of log2-transformed mRNA ratios between
membrane and cytosol revealed that the dis-
tribution of the membrane-enriched mRNAs
was indistinguishable between control and NAC-
depleted animals [correlation coefficient (r) =
1.0356] (Fig. 4B). However, the cytosol-enriched
mRNAs were strongly shifted toward the mem-
brane fraction in NAC-depleted worms, as evident
by the lower linear regression slope (r = 0.5533)
(Fig. 4B). Thus, NAC depletion does not affect
the specific, SRP-mediated targeting of ribo-
somes to the ER membrane but induces addi-
tional unspecific binding of incorrect ribosomes.
We verified these data for several mRNAs with
quantitative PCR in wild-type worms. In agree-
ment with the microarray data, mRNAs encod-
ing nuclear, cytosolic, and mitochondrial proteins
were strongly mistargeted to the ER membrane
in b-NAC–depleted animals (Fig. 4C). The addi-
tional knockdown of SRP54 did not reduce the
levels of these mRNAs at the ER membrane,
confirming that mistargeting occurs in a SRP-
independent manner. Moreover, b-NAC depletion
did not alter the distribution of mRNAs encod-
ing ER proteins, whereas knockdown of SRP54
strongly shifted these mRNAs toward the cytosol
(Fig. 4C). Thus, NAC depletion does not impair
the activity and specificity of the SRP pathway.
The additional knockdown of b-NAC partially
restored the targeting defect in SRP54-depleted
worms (Fig. 4C), suggesting that in the absence
of NAC ribosomes translating SRP substrates
bound ER translocons in a SRP-independent
manner. This explains why the larval arrest in-
duced by impairment of the SRP pathway was
significantly lower in NAC-depleted animals
(fig. S5C). Furthermore, although targeting of
SRP substrates was partially restored in NAC/
SRP54–depleted worms, we consistently observed
a further moderate increase of ribosome mis-
targeting (Fig. 4C). Enhanced mistargeting and
at the same time less specific targeting explains
why the combined depletion of NAC and essen-
tial SRP pathway components provoked such an
increased ER stress response (Fig. 1, G and H,
and fig. S2, A and B).
Mitochondrial proteins get mislocalized and
degraded by ERAD upon NAC depletion
Knowing that a posttargeting signal sequence
recognition and proofreading step takes place
at the Sec61 complex (9), we analyzed whether
or not the mistargeted ribosomes translocate
their nascent chains across the ER membrane.
We reasoned that potential mislocalized pro-
teins might be degraded by the ER-associated
degradation (ERAD) pathway (20). To enrich
these substrates we depleted Sel-1, an essential
component of the ERAD ubiquitin ligase com-
plex (21). The knockdown of Sel-1 provoked a
moderate ER stress response (fig. S7). The com-
bined knockdown of Sel-1 and b-NAC strongly
enhanced the ER stress response, which sug-
gests that the ERAD pathway is indeed activa-
ted in NAC-depleted animals to maintain ER
protein homeostasis (fig. S7). Many proteins
that enter the ER lumen are N-glycosylated on
asparagine residues in N–X–S/T sequence motifs
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(22). We speculated that misdirected substrates
containing such motifs would be N-glycosylated,
which could be used as a footprint for mis-
translocated proteins. We thus isolated glycosyl-
ated proteins using the lectin Concanavalin A
(ConA) and analyzed with mass spectrometry
(MS) proteins that only appeared in b-NAC/Sel-1–
depleted animals. One prominent hit in the MS
analysis was the mitochondrial protein Hsp-60,
which contains the potential N-glycosylation site
N-T-S (Fig. 5A). A substantial amount of Hsp-60
accumulated in the ConA-bound fraction of ani-
mals depleted of both b-NAC and Sel-1 (Fig. 5B).
Thus, the mitochondrial protein Hsp-60 is mis-
localized to the ER and degraded by ERAD in
NAC-depleted animals. We then tested a second
mitochondrial protein, Atp-2, that contains the
predicted N-glycosylation motif N-A-S (Fig. 5A).
Similar to Hsp-60, Atp-2 was also strongly en-
riched in the ConA-bound fraction (Fig. 5B).
Treatment of the lysate with the peptide N-
glycosidase F (PNGaseF) to remove N-glycans
before the lectin affinity purification strongly
diminished ConA-binding of Hsp-60 and Atp-2,
corroborating that these mitochondrial proteins
were indeed N-glycosylated (Fig. 5C). The highly
abundant cytosolic protein actin (Act-1) that
harbors the predicted N-glycosylation site N-G-S
(Fig. 5A) did not accumulate in the ConA-bound
fraction (Fig. 5B), although Act-1 RNCs were mis-
targeted to the ER translocon (Fig. 4C). This
could indicate that mitochondrial targeting se-
quences override the proofreading function of
the ER translocon pore. To analyze this more
closely, we made use of a split GFP (spGFP)
complementation approach (23). We engineered
different cell compartment–specific spGFP frag-
ments for the cytoplasm, as well as for the ER
and mitochondria by fusing specific targeting
sequences to spGFP (Fig. 5D). The spGFP frag-
ments, when expressed in the same compart-
ment, complemented only in the expected cell
organelle (Fig. 5D). Animals expressing spGFP1-
10 in the ER and spGFP11 in the cytosol only
showed a weak background signal, and b-NAC
depletion did not increase GFP fluorescence
(Fig. 5E). However, knockdown of b-NAC strongly
increased the GFP fluorescence in animals ex-
pressing ER-targeted spGFP1-10 and mitochondria-
targeted spGFP11 (Fig. 5F). The GFP fluorescence
in these worms showed a typical reticular ER
pattern, revealing that the mitochondria-targeted
spGFP fragments were misdirected to the ER in
the absence of NAC (Fig. 5G). Thus, mitochon-
drial proteins in particular are incorrectly trans-
ported to the ER and subsequently degraded
by ERAD. This could explain why NAC deple-
tion induces both ER and mitochondrial stress.
NAC is both an essential negative regulator for
ribosome-translocon interaction to sustain ER
targeting accuracy and is also important to pre-
serve the specificity of cellular protein sorting
to mitochondria.
Discussion
These findings have revealed the essential an-
tagonistic role of NAC in regulating cotransla-
tional protein transport to the ER. Only the
combined opposing activities of SRP and NAC
guarantee a robust sorting system that ensures
the fidelity and specificity of protein translo-
cation in vivo. The importance of NAC is un-
derlined by the mistargeting of noncognate
RNCs and by the fact that the in-built proof-
reading mechanism of the Sec61 translocon (9)
can be overruled by mistargeted ribosomes trans-
lating mitochondrial proteins. The prevailing
view has been that only nascent polypeptide
chains with sufficiently hydrophobic signal se-
quences or transmembrane domains can open
the translocation channel, whereas nonauthen-
tic substrates would be rejected. In this work,
mitochondrial targeting sequences consisting of
a stretch of alternating positively charged and
hydrophobic amino acid residues forming an
amphipathic helix (24) could, at least in part,
open the ER translocation channel. This is con-
sistent with several studies showing the exist-
ence of ambiguous signals directing proteins
to both mitochondria as well as the ER (25).
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Our C. elegans study reveals that NAC counter-
acts the autonomous binding of ribosomes to
Sec61 to ensure ER targeting specificity. A role
for NAC in ER protein targeting has been in-
dicated by several in vitro analyses (7, 11, 26).
However, this hypothesis was rapidly dismissed
by other in vitro studies providing contrary re-
sults (27, 28). Moreover, yeast in vivo studies
showed no aberrant translocation phenotype
uponNAC deletion (29, 30). Why the importance
of NAC in ER protein targeting was missed in
yeast studies is unclear. The discrepancy could be
explained by the fact that yeast cells use a distinct
posttranslational ER targeting system, which is
seemingly not used in such a pronounced way
by higher eukaryotes (31). Consistent with this,
yeast is the only known organism in which co-
translational ER targeting by the SRP pathway
is not essential (32). Another possible explana-
tion for the different effects of NAC depletion
in yeast and higher eukaryotes could be the po-
tential disparate engagement of available Sec61
channels in the translocation of correct sub-
strates. Our study in C. elegans reveals that NAC
depletion does not impair the correct target-
ing of ribosomes to the ERmembrane. Rather,
vacant translocons that exist in adult worms
become occupied by incorrect ribosomes in a
SRP-independent manner. It is very likely that
in yeast under optimal growth conditions most
if not all translocons are saturated, thus coun-
teracting the potentialmistargeting of ribosomes
occurring in the absence of NAC.
The Sec61 translocon interacts with the ribo-
some primarily via two cytoplasmic loops of
Sec61a as well as with the N-terminal helix of
Sec61g. Both contact the ribosomal proteins uL23
and eL29 as well as the backbone of the 28S
ribosomal RNA (rRNA) adjacent to the nascent
peptide exit site (33). The extensive binding sur-
faces account for the very high inherent affinity
ribosomes exhibit for the Sec61 complex (8, 9, 11).
Cross-linking data suggest that NAC contacts the
ribosome via the ribosomal protein uL23 (34).
Because this ribosomal protein is also a major
contact point between the ribosome and Sec61, it
is very likely that NAC sterically inhibits this
high-affinity translocon interaction site. How-
ever, recent studies challenge the interaction of
NAC with uL23 and suggest that NAC binds to
eL31 (35, 36). This ribosomal protein is placed
like uL23 near the tunnel exit; thus, NAC could
block the functional coupling of ribosomes and
translocons also via eL31. In agreement with a
function as a general ER targeting inhibitor, NAC
is present in equimolar concentration relative to
ribosomes, it can interact with virtually all RNCs,
and binds reversibly to ribosomes (29, 34, 37).
The reversible binding mode allows a specific de-
repression of ER targeting. We propose that dis-
placement of NAC from RNCs could be mediated
by SRP that, similar to NAC, also contacts the
ribosomal protein uL23 at the tunnel exit (1). The
high affinity of SRP to hydrophobic signal se-
quences or transmembrane domains in nascent
chains (6, 27) probably gives SRP a selective ad-
vantage over NAC for ribosome binding. A com-
petition between NAC and SRP for ribosome
binding has been previously indicated by several
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Fig. 5. Mitochondrial proteins are mislocalized to the ER and degraded
by ERAD upon NAC depletion. (A) Schematic illustration showing predicted
N-glycosylation sites in themitochondrial proteins Hsp-60 and Atp-2 and the
cytosolic protein Act-1. Predictionswere performedwithNetNGlyc 1.0. (B) N2
worms were grown on empty vector control (ev) or indicated RNAi. On day 3
of adulthood, glycosylated proteins were isolated by using the lectin Con-
canavalin A (ConA), and the levels of indicated proteins in the total extract
(Input) and the lectin-bound fraction were analyzed with immunoblotting.
(C) Total extracts (Input) of N2 worms grown on b-NAC + Sel-1 RNAi were
treated or not with the N-glycosidase PNGaseF followed by Concanavalin A
(ConA) affinity purification.The levels of ConA-bound Hsp-60 andAtp-2 were
then assessed with immunoblotting. (D) Fluorescent micrographs of intes-
tinal cells in worms expressing complementing split-GFP fragments in the cy-
toplasm (left), in the ER (middle) and inmitochondria (right). Scale bar, 10 mm.
SS, ER-specific signal sequence; KDEL, ER retentionmotif;MTS,mitochondrial
targeting sequence. (E) Transgenic worms expressing split-GFP1-10 in the ER
and split-GFP11 in the cytoplasm were grown on empty vector control (ev)
or b-NAC RNAi, and GFP fluorescence was assessed on day 2 of adulthood.
BF, bright-field. Scale bar, 0.5 mm. (F) Transgenic worms expressing split-
GFP1-10 in the ER and split-GFP11 in mitochondria were grown on empty
vector control (ev) or b-NAC RNAi, and GFP fluorescence was assessed on
day 2 of adulthood. BF, bright-field. Scale bar, 0.5 mm. (G) Fluorescent mi-
crograph of intestinal cells in b-NAC–depleted worms as shown in (F). Scale
bar, 10 mm.
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Fig. S1 NAC depletion induces ER and mitochondrial stress 
(A) hsp-16.2p::GFP cytosolic stress reporter worms were heat-shocked for 90 min at 
35°C and GFP fluorescence was assessed after 6 hours of recovery at 20°C. (B) hsp-
16.2p::GFP cytosolic stress reporter worms were grown on empty vector control (ev) or 
indicated RNAi. GFP fluorescence was assessed from day 1 to day 4 of adulthood. (C) 
hsp-4p::GFP ER stress reporter worms were grown on empty vector control (ev) or 
indicated RNAi and GFP fluorescence was assessed from day 1 to day 4 of adulthood. 
(D) hsp-6p::GFP mitochondrial stress reporter worms were grown on empty vector 
control (ev) or indicated RNAi and GFP fluorescence was assessed from the last larval 
stage (L4) to day 2 of adulthood. BF = Bright-field. Scale bar = 0.5 mm. 
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Fig. S2 Impairment of the SRP pathway potentiates the ER stress response in NAC 
depleted animals. 
(A) hsp-4p::GFP ER stress reporter worms were grown on empty vector control (ev) or 
indicated RNAi and GFP fluorescence was assessed from the last larval stage (L4) to day 
4 of adulthood. (B) hsp-4p::GFP ER stress reporter worms were grown on empty vector 
FRQWUROHYȕ-1$&ȕ-1$&65ĮRU65Į51$LDQG*)3IOXRUHVFHQFHZDVDVVHVVHG
from day 1 to day 4 of adulthood. (C) hsp-6p::GFP mitochondrial stress reporter worms 
were grown on empty vector control (ev) or indicated RNAi and GFP fluorescence was 
assessed from the last larval stage (L4) to day 2 of adulthood. BF = Bright-field. Scale 
bar = 0.5 mm. 
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Fig. S3 NAC depletion leads to increased, SRP-independent binding of ribosomes to 
ER translocons 
(A1ZRUPVZHUHJURZQRQHPSW\YHFWRUFRQWUROHYGDUNEOXH6HFĮ51$LOLJKW
EOXHȕ-1$&51$LUHGRUȕ-1$&6HFĮ51$LRUDQJH2QGD\RIDGXOWKRRG
polysome profiles of membrane-attached (upper panels) and cytosolic (lower panels) 
ribosomes were assessed. (B) N2 worms were grown on empty vector control (ev, dark 
EOXH65351$LJUHHQȕ-1$&51$LUHGRUȕ-NAC + SRP54 RNAi (violet). On 
day 3 of adulthood polysome profiles of membrane-attached (upper panels) and cytosolic 
(lower panels) ribosomes were assessed. (C4XDQWLILFDWLRQRI6HFĮOHYHOVDVVHVVHGE\
immunoblotting shown as in Figure 2C. Data are represented as mean ± SD. (D) 
Knockdown efficiencies of RNAi experiment shown in Figure 2C measured by means of 
quantitative RT-PCR.  
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Fig. S4 Ribosome sedimentation assay testing the binding of WT-NAC and RRK/AAA-
NAC to ribosomes 
Puromycin and high salt-stripped ribosomes (PKRibo0) were incubated with WT-
NAC or mutant RRK/AAANAC 0, in which the evolutionary conserved RRK motif in 
ȕ-NAC, that is critical for ribosome binding (34), was mutated to AAA. Ribosomes were 
pelleted through a sucrose cushion by ultracentrifugation and bound and unbound NAC 
was assessed in the pellet (P) and supernatant (S), respectively, by immunoblot analysis. 
Note that RRK/AAAȕ-NAC migrates faster than WT-ȕ-NAC in SDS-PAGE due to charge 
variation. 
 
 
 
 
 
  
10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S5 NAC overexpression interferes with SRP-dependent targeting 
(A) Polysome quantifications of cytosolic and membrane ribosome profiles of control 
(Ctrl) and NAC-overexpressing worms (NACn) shown as in Fig. 3A, B. Polysomal peaks 
were quantified using Image J. Data are represented as mean ± SD. A Student’s t test was 
used to assess significance: *p < 0.05; n = 3. ns = not significant. (B) Control (-) and 
NAC overexpressing L1 larvae (+) were grown on empty vector control (ev) or indicated 
RNAi. After 4 days, the fraction of adult animals (L4+) was assessed. Data are 
represented as mean ± SD. A Student’s t test was used to assess significance: *p < 0.05, 
**p < 0.01. OE = overexpression. (H) N2 worms (L1 larvae) were grown on empty 
vector control (ev) or indicated RNAi. After 4 days, the fraction of adult animals (L4+) 
was assessed. Data are represented as mean ± SD. A Student’s t test was used to assess 
significance: *p < 0.05.   
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Fig. S6 NAC RNAi phenotype in temperature-sensitive sterile mutants 
(A) Temperature sensitive sterile mutants (SS104) were grown at the nonpermissive 
WHPSHUDWXUHRQHPSW\YHFWRUFRQWUROHYEODFNRUĮ-1$&ȕ-NAC RNAi (red). On day 
3 of adulthood polysome profiles of cytosolic ribosomes were assessed. (B) Polysome 
profile of membrane-attached ribosomes from animals as in (A). (C) Ribosomal fractions 
of sedimentation analyses shown in (A) and (B) were collected and subjected to 
immunoblot analysis of indicated proteins. (D) Diagram shows the membrane-to-cytosol 
ratio of ribosomes by means of RPL-10 levels in the cytosolic and membrane fractions 
shown as in (C). Ratio of empty vector control (ev) worms was set to one. Data are 
represented as mean ± SD. (E) Total extracts of animals as in (A) were prepared and 
indicated proteins were analyzed by immunoblotting. Actin served as loading control. 
  
12 
 
 
 
 
Fig. S7 Impairment of the ERAD pathway increases the ER stress response in NAC 
depleted animals 
hsp-4p::GFP ER stress reporter worms were grown on empty vector control (ev) or 
indicated RNAi and GFP fluorescence was assessed from the last larval stage (L4) to day 
4 adulthood. BF = Bright-field. Scale bar = 0.5 mm. 
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